This supplementary material provides additional details about thermal effects observed in optical rectennas, and describes the observed correlation between the photocurrent and the nonlinearity of the conductance when irradiated with increasing laser intensities.
Thermal effects can drastically influence the conduction properties of a laser irradiated tunneling jonction as reviewed by S. Grafström in Ref. [1] . Among possible processes resulting from photon absorption in the metal and subsequent Joule heating, let us mention thermal expansion of the gold leads, thermally-assisted field emission and thermovoltage arising from a temperature difference of the two sides of the rectenna feedgap when the laser is irradiating either one [2] . While it is difficult to completely rule out a potential heatrelated increased conductance in the results shown in the main manuscript, heat processes are providing well defined characteristics when the sample is scanned through the focus such as a contrast reversal of the current [3] . We did observe evidence for thermal currents in a rectenna consisted of an electromigrated Ti/Au stack. The ∼5 nm thick Ti layer acts a seed layer between the glass substrate and the gold layer. In the main manuscript, a
Cr layer was systematically used instead of Ti and the results discussed below were never reproduced with Cr/Au rectennas. 
II. OPTICAL RECTIFICATION
Within the assumptions discussed by Mayer and co-workers in Ref. [5] and by Ward et al. in Ref. [6] , the classical picture of the rectified current is given by
I b is the static tunneling current of the biased rectenna and is filtered out by the lockin amplifier referenced at the chopping frequency of the laser. V opt is the light-induced voltage created at the rectenna feedgap. Equation 1 indicates that the photocurrent I phot is proportional to the optical induced voltage and the nonlinearity of the conductance Figure 2 shows the bias dependence of the photocurrent |I phot | created by the rectenna and the nonlinearity of the conductance |∂ 2 I b /∂V 2 b | measured simultaneously for different laser intensities. The data here are obtained with the rectenna discussed in Fig. 3 and [3, 4] or nonlinear χ 2 and χ 3 processes [5] [6] [7] [8] .
When the separation distance between the individual constituents of the optical antenna reduces, large Coulomb splitting of the underlying plasmonic modes takes place [9] [10] [11] . For an atomic-scale gap, charge transfer plasmons are driving the antenna response in the so-called quantum tunneling regime [12] [13] [14] [15] . In this regime, the quantum nature of the interaction opens a new paradigm for utilizing optical gap antennas beyond the control of electromagnetic fields at the nanometer length scale [16, 17] . For instance, incoming photons can exchange energy with tunneling charges modifying thus the conductance of the barrier [18, 19] and strong-field effects were recently reported [20, 21] . Therefore, adopting metal-based optical antennas as a disruptive technological vehicle may provide advanced functional devices to interface nanoscale electronics and photonics. Several steps were recently made in this direction by electrically wiring optical feedgaps where an enhanced optical field is self-aligned with a large static electric field (10 7 -10 9 V/m) [8, 22, 23] .
Inspired by these advances, we demonstrate here that ultrafast laser pulses can interact with tunneling charges in an electrically wired optical feedgap to create a nanometer-scale nonlinear rectifying antenna, or rectenna, operating at optical frequencies. We show that the rectenna's nonlinear transducing yield is driven by the electrical environment of the feedgap.
Specifically, the crossover between a linear intensity dependence of the rectification yield to a multi-order power law is strongly reduced at the onset of Fowler-Nordheim tunneling.
Nanometer-scale optical gap antennas are produced by controlling the electromigration of 100 nm wide 5 µm long gold nanowires fabricating on a glass substrate [24, 25] . bias is applied to the terminals. At the onset of electromigration, the curve is departing from an Ohmic behavior [26] . The formation of a constriction preceding that of a nanometer-scale gap is controlled by applying successive bias sweeps that eventually lead to the electrical breakdown of the nanowire (red curve) [25] . We find that approximately 60% of the junctions produced by this method lead to gap sizes commensurate with electron tunneling. The
Folwer-Nordheim representation of Fig. 1(b) illustrates the current response after electromigration. The current I b is measured with a 10 9 V/A current-to-voltage converter. The minima in the curve at -3.8 V −1 and 4.2 V −1 indicate the cross-over from direct-tunneling transport to a field emission regime [25] . The height φ of the potential barriers can be directly deduced from these two minima [27] . We measure φ b =0.23 eV and φ g =0.26 eV for the barriers at the biased and ground electrodes, respectively. These barrier heights are consistent with reports of reduced effective work functions in Au electromigrated gaps operating in the presence of adsorbates [25, 28] . Although constituted from the same material, the slightly different barrier heights are linked to geometrical asymmetry of the gap [29] , a typical characteristic of electromigrated junctions [8] . Asymmetry in the Fowler-Nordheim representation was systematically observed in our experiments. When measurable, crossover between direct-tunneling and field emission was also consistently observed at φ <0.5 eV.
We then interrogate the nonlinear rectifying properties of such contacted optical gap antenna by laterally scanning antenna through the focus of a tightly focused Titanium:Sapphire pulsed laser beam. The photon energy is fixed at 1.53 eV. The pulse duration at the exit of are measured by two lock-in amplifiers referenced at F mod and 2F mod , respectively. The laser-induced current I phot is measured by chopping the laser beam at F chp =400 Hz and demodulating the tunneling current at F chp with a third lock-in amplifier. Finally, we also record the second-harmonic generation (SHG) activity of the gold structure by detecting the harmonic radiation emitted at 3.06 eV with a single-photon avalanche photodiode. Due to the geometrical asymmetry of the feedgap, the tunneling junction exhibits an enhanced SHG response [8] providing an imaging contrast to locate the antenna feedgap. Thermal expansion of the electrodes upon photon absorption would also effectively change the conductance; this was extensively debated in the context of photo-assisted transport in scanning tunneling microscopy [30] . However, thermal expansion was shown to be negligible in planar metal junctions lying on a substrate and illuminated under a constant-wave (CW) laser excitation [22, 31] . For a pulsed excitation, the effect of a light-induced thermal expansion in the I phot or ∂I b /∂V b maps of Fig. 2 would be distributed along the nanowire and not be uniquely restricted to the rectenna feedgap. We occasionally observed a weak photocurrent produced by thermally-excited electrons with a typical sign reversal when the laser illuminates either side of the metal rectenna (see Fig. S1 of the Supplemental Material [32] ).
The yield of optical rectification is generally driven by the classical responsivity of the
and therefore strongly depends on the electrical nonlinearity of the barrier [29] . To verify that the device discussed here is behaving semi-classically, After the threshold γ, the trend is no longer linear; multiphoton processes are contributing to the photocurrent as indicated by the increasing power-law exponent with laser intensity.
We rule out a photo-induced thermionic emission of carriers to explain the nonlinear trend.
For a fixed sign of the bias and the relatively small asymmetry of the junction, a thermal excitation of electrons across the barrier would provide a contrast reversal between the two sides of the rectenna's feedgap. Multiphoton absorption leads to above-threshold photoemission for excitation energies above the barrier [34] or to tunneling of excited electrons in states located above the Fermi surface but remaining below the work function [35] . The electrical conductance in a nanoscale junction typically involves tunneling of electrons located near the Fermi level ε F , which for gold are located within the sp conduction band. Taking into account the averaged reduced effective work function of the electrodes at rectenna feedgap, a single photon absorption of an electron located near ε F has an excess energy of ∼1.2 eV above the effective barrier. Under this excitation condition, the photocurrent resulting from a one-photon or even a multiphoton above-threshold emission should be independent of the classical responsivity S of the rectenna. This is in direct contrast with Fig. 2 and Fig. S1 where even a small bias significantly increases the rectenna's photoconductance. We verify with 7.5 eV [37] , which for our laser, requires a multiphoton absorption process with a minimum order n ≥ 2. This nonlinear absorption is rather efficient for gold nanostructures [38, 39] , and especially optical gap antennas [6] . Upon a pulsed laser excitation a strong nonlinear photoluminescence response is typically observed resulting from a radiative interband recombination of an sp electron promoted above ε F with a hole in the d band [40, 41] ( Fig. S2) , the higher order power dependence shown in the inset of Fig. 3 suggests that optically excited low-lying electrons are contributing to the photocurrent.
We verify this hypothesis by plotting the evolution with bias of the threshold value γ delimiting the linear to the nonlinear regime as defined in the inset of Fig. 3 . γ represents the laser intensity from which d-band electrons need to be taken into account in the photoconductance. The bias dependence of the γ threshold is reported in Figure 4 To conclude we show here that gaps formed by electromigrating nanowires can act as an elementary nonlinear rectifier when irradiated by a femtosecond pulsed laser. Although the rectenna's geometry is relatively simple, the optical gap and the electrical rectifying gap are self-aligned at the nanometer scale. Enhancement of the rectification yield can be achieved by controlling the intrinsic feed characteristics of these two overlapping functional gaps. Engineering the barrier height and the geometrical asymmetry of the facing edges will increase substantially the classical responsivity S of the rectenna [29] . Deploying a resonant plasmonic feedgap will improve the interaction cross-section of the rectenna with the incoming photons [23, 42] and will provide an enhancement of the localized electromagnetic field [10] . These combined effects will contribute to increase the efficiency of the device.
Finally, we note that Fig. 2 and Fig. 3 show time-averaged photocurrent maps and laser intensity dependences. Because the laser produces 180 fs short pulses at a repetition rate of 80 MHz, the measured current at the terminals is constituted of a rectified electron packets bunched on a similar time scale. By using pulse-picking technique, femtosecond single electron pulses can thus be delivered on-demand in the circuitry. This simple optical rectenna could therefore be implemented as a wired ultrafast electron source for studying temporal 
